Cities, due to the presence of ports and airports and the high diversity of trees in streets, parks, and gardens, may play an important role for the introduction of invasive forest pests. We hypothesize that areas of urban forest facilitate the establishment of non-native forest pests. Based on scientific literature and a pan-European database on non-native species feeding on woody plants, we analysed where the first detections occurred in European countries. We collected site data for 137 first detections in Europe and 508 first European country-specific records. We also estimated the percentage of tree cover and suitable habitat (green areas with trees) in buffers around detection points. The large majority of first records (89% for first record in Europe and 88% for first records in a European country) were found in cities or suburban areas. Only 7% of the cases were in forests far from cities. The probability of occurrence decreased sharply with distance from the city. The probability to be detected in urban areas was higher for sap feeders, gall makers, and seed or fruit feeders (>90%) than for bark and wood borers (81%). Detection sites in cities were highly diverse, including public parks, street trees, university campus, arboreta, zoos, and botanical gardens. The average proportion of suitable habitat was less than 10% in urban areas where the species were detected. Further, more than 72% of the cases occurred in sites with less than 20% of tree cover. Hotspots of first detection were identified along the coastal regions of the Mediterranean and Atlantic, and near industrial areas of central Europe. We conclude that urban trees are main facilitators for the establishment of non-native forest pests, and that cities should thus be intensely surveyed. Moreover, as urban areas are highly populated, the involvement of citizens is highly recommended. Manuela Branco et al. / NeoBiota 52: 25-46 (2019) 26
Introduction
Forests, like other terrestrial ecosystems, are increasingly threatened by the establishment and spread of non-native pests worldwide (Brockerhoff and Liebhold 2017) . Some examples of forest invasive species with large distribution range are the Pine wood nematode, Bursaphelenchus xylophilus, causing the pine wilt disease in Asia (Kishi 1995; Robinet et al. 2009 ) and Europe (Sousa et al. 2001) ; the Emerald ash borer, Agrilus planipennis, in North America (Herms and McCullough 2014) ; Anoplophora glabripennis which was introduced into North America and Europe (Carter et al. 2010; Roques et al. 2010) ; the invasion of the USA by the gypsy moth, Lymantria dispar (Liebhold et al. 1992) ; or the increasing numbers of Eucalyptus pests established in all continents where eucalypts are grown in intensive plantations (Hurley et al. 2016) .
The increase of forest pest invasions in recent years is mostly the consequence of increasing global trade and international travel (Brockerhoff et al. 2006a; Roques 2010) . International trade has remarkably increased during the 20 th century, with a rate of 7.1 percent per year between 1987 and 2007, and is still increasing (Constantinescu et al. 2015) . As a result, the invasion rate continues to rise, with no sign of saturation (Seebens et al. 2017) .
The main pathways for the accidental introduction of non-native forest insects are the trade of live trees for planting, hitchhiking with containers, imports of timber, and use of wood packaging material (Brockerhoff and Liebhold 2017) , all of which are much more frequent than in the past. A common feature of these pathways is that they often converge to urban areas. Cities, in particular large cities, are close to international airports and seaports and thus are expected to be main gateways for the entry of new, non-native insect species. Cities are also more populated, attracting more and more goods every day. It is expected that by 2050, almost 70% of humanity will be living in urban areas. In Europe, where urbanization occurred earlier, 82% of people are already living in cities (United Nations 2018).
There is little doubt that urbanization and population concentration in large cities are of critical importance for the arrival rate of invasive species (Paap et al. 2017 ). However, whether the convergence of main invasion pathways towards cities will ultimately result in more introductions, and most importantly in the establishment of non-native forest insects, remains an open question. Indeed, the establishment of non-native forest insects in urban areas depends not only on the probability of arrival, but also on the presence and abundance of suitable host trees. If the introduced pest species needs only a small number of trees or small tree patches to become established, then urban trees, even if isolated in parks, gardens, or streets might provide a suitable environment for their establishment. In addition, trees are more likely to be stressed in warmer (urban heat island effect) (Debbage and Shepherd 2015) and drier urban areas, making trees then more susceptible to non-native secondary pests like bark or longhorn beetles (Meineke et al. 2013; Chakraborty et al. 2014) . Species originating from warm regions, e.g. the Neotropical region, could particularly benefit from these microclimatic conditions to invade cities in temperate, cooler regions.
Most cities usually harbor a relatively high diversity of tree species, dispersed in many urban parks and gardens. These could provide a larger number of putative hosts and, thus, increase the risk of non-native pest establishment (Liebhold et al. 2018) . According to these assumptions, the higher diversity of host tree species observed in cities than on countryside would aid the establishment of forest insects of different functional traits, like voltinism and diet breadth (Brockerhoff and Liebhold 2017) .
To test these hypotheses, we compared the rate of first detection in urban vs nonurban areas of invasive pests feeding on woody plants in Europe. We focused on this continent because it is among the most affected by forest pest invasions in the world, and we have very good records of non-native species detection in European countries . We also estimated the distance of detection locations to small and large cities. We further investigated the habitat requirements in urban areas for the establishment of non-native tree pests, particularly in relation to their feeding requirements. By identifying areas of higher risk of establishment, we provide relevant knowledge to improve the methods for early detection of non-native forest pests. This is crucial as the success of eradication mainly depends on the speed and accuracy of first detection .
Methods

Data gathering
Data sources. We first used the pan-European database for non-native organisms, DAISIE (Delivering Non-native Invasive Species Inventories for Europe) (Hulme and Roy 2010) , which provides historical invasion data at the country level for the species introduced to Europe after 1700. Since the data from the DAISIE database were recently updated in the EASIN catalogue (European Alien Species Information Network), which additionally provided year and country of first records of species in Europe (Katsanevakis et al. 2015; Roques et al. 2016 ; http://easin.jrc.ec.europa.eu), we finally used EASIN to select the non-native insect species affecting woody plants, i.e. trees and palms. The EPPO Global Database (https://gd.eppo.int/) was also used to search for new non-native insects recently arrived in Europe. The bibliographic databases Google Scholar and Science Direct were additionally used. We searched for literature using specific keywords to detect papers reporting first records of new species feeding on trees in Europe. The combination of keywords was the following: (First record or Introduction) and (Pest or Insect or Emerging or Non-native or Invasive or Non-native) and (Forest or Tree) and (Europe or Austria, Belgium, Bulgaria, Croatia, Republic of Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, UK) .
Criteria for data selection. Only insect species introduced in Europe since 1950 were considered because most of the forest non-native species in Europe were introduced in the last five decades (Roques 2011) . Previous introductions were disregarded to avoid inaccuracies from ancient reports.
For each country, a unique first record was retrieved with the exception of a particular species detected in geographically well separated regions of a given country (e.g. mainland and distant islands). A case study was thus defined as a new species detected in a new country for the first time. The same introduced species could be reported several times in Europe as long as it was successively recorded for the first time in different European countries. We further distinguished between first record in Europe and first records in any of the European regions as a given species could use the first introduction as bridgehead for spreading through Europe, or be introduced several times in different European regions. Rare cases where two different European countries reported the first detection in the same year were both accounted as first records in Europe.
Complementary data. For each case study (one species × one country × one date of first detection) we documented information regarding the insect species, and the time and location of first record. For each species we retrieved from the literature the order, family, feeding guild (Bark & wood borers, Defoliators, Sap suckers, Gall makers, Root feeders, Seed and fruit feeders), host range (Broadleaves, Conifers, Palms, Polyphagous), and body length (mm). For each first detection we recorded the year of detection, the geographical coordinates of the site, the type of habitat (Urban if reported in a city or suburban urbanized areas, Forests, Rural areas, or Nurseries), and the distance in km to the border of the nearest city (with at least 10 000 inhabitants) or large city (at least 100 000 inhabitants or with an international transport system, e.g. airport, seaport, railway station).
The site coordinates were retrieved from the reporting articles. In several cases, exact site coordinates were not available. When the description of the location was reliable and narrow enough to delimitate a location area (e.g. Lisbon Zoo, Nepliget Park in Budapest), its central point was used to recalculate site coordinates. For records that had inaccurate location but with some useful geographical information, e.g. "in the town of Rome" (Migliaccio and Zampetti 1989) , we used their central point to estimate distance to the nearest city but we did not use them to estimate habitat and tree cover in their surroundings. Lastly, records that did not have a location precise enough to deduce any specific geographic information, e.g. "the Italian region of Lombardy", were discarded.
The Euclidean (straight-line) distance between the detection location and the external limit of the nearest city and nearest large city were calculated using ArcGIS 10.5 (ESRI, Redlands, CA, USA). Cities were visually identified using ArcGIS Online World Imagery map (Copyright ESRI). The distances were then reclassified in distance classes (×10 km).
Hotspot analysis was performed with Getis-Ord GI* spatial statistics (Ord and Getis 1995) using the Spatial Statistics Tools of ArcGIS 10.5. Hotspot analysis is frequently used in biological invasion studies (Liang et al. 2014; Shaker et al. 2017) , as it enables the detection of spatial clustering patterns using a landscape-scale approach. Getis-Ord GI is an index used to evaluate spatial autocorrelation. Z-scores and P-values indicate whether features, like detection points, are significantly spatially clustered. For statistically significant positive z-scores, the larger the z-score, the greater the clustering of high values (hotspot); for significantly negative z-scores, the smaller the z-score, the greater the clustering of low values (coldspot). For this analysis, we used only the first records in Europe. We used the false discovery rate (FDR) method of Benjamini and Hochberg (1995) to determine the confidence levels of 80%, 90%, 95%, and 99% of their respective GI z-score. This method allows controlling for false discoveries, i.e., the Type I errors.
Population size of cities near detection points was retrieved from the online Wikipedia encyclopedia. For each detection point the population density, i.e. inhabitants per square kilometer, by NUTS 2 region (Nomenclature of Territorial Units for Statistics, level 2) was obtained from Eurostat (https://ec.europa.eu/eurostat/web/products-datasets/product?code=tgs00024, assessed on 2019-8-22). The year 2015 was used as reference. We then estimated the ratio between the average population density in the NUTS 2 region where the detection point was located and the population density of the respective country. For the analysis, we considered countries with two or more NUTS 2 regions.
Forest cover and suitable habitat around the point of detection. The percentage of forest cover was estimated using the Tree Cover Density (TCD) of the Copernicus Land Monitoring Service -High Resolution Layer Forest (https://land.copernicus.eu/ pan-european/high-resolution-layers/forests/view, 2012). TCD provides continuousscale information on the proportional crown coverage (0-100%) detected per pixel (20 m of spatial resolution) at the European scale, including the following Land Use -Land Cover (LULC) classes: evergreen and deciduous broadleaved, sclerophyllous and coniferous trees, orchards, olive groves, fruit and other tree plantations, agro-forestry areas, transitional woodlands, forests in regeneration, groups of trees within urban areas. The percentage of forest cover was calculated in four buffers (100, 500, 1000, and 5000 m of radius) around the detection points with precise geographical coordinates. The Set Null function was used to remove the no-data values from the databases.
Complementarily, to test the hypothesis that the percentage of tree cover within 100 m around the detection point was similar to that of any other 100 m radius buffer in the surrounding area, we randomly created three additional 100 m radius sampling areas within the 5000 m buffer area. These sampling areas were generated with the con-straints of its central point being at least 200 m far from the central detection point and 200 m far from the other two random sampled areas. Additionally, any randomly created central point that was located in the ocean or inland water surface was manually removed and replaced. The tree cover around each of the three random central points was calculated in the same manner as around the central detection point.
To estimate the percentage cover of suitable habitats in large cities we used the Urban Atlas database from 2012, from the Copernicus Land Monitoring Service (https:// land.copernicus.eu/local/urban-atlas). Urban Atlas delivers pan-European comparable LULC data for Functional Urban Areas, i.e. city and its commuting zone (OECD 2012) including 17 urban classes with a Minimum Mapping Unit (MMU) of 0.25 ha. For the selection of suitable habitats, we used as criterion the probable occurrence of trees and retained the following five LULC classes: Green Urban Areas, Sports and Leisure Facilities, Orchards, Forests, and Herbaceous vegetation associations. The percentage of suitable habitats was calculated in three buffers (radius of 500 m, 1000 m, and 5000 m) around the detection points.
Statistical analyses
To estimate the probability of detection in function of the classes of distance to the nearest city we used generalized linear models (GLM) with Binomial distribution and log link function. A model was applied to each feeding guild separately. A Gaussian GLM with log link function was further used to test the effect of body size on the distance to the nearest small city and large city. We also used Gaussian GLM to test temporal trends in detection years and distance of the detection points to the nearest city and nearest large city.
Paired t-test statistic was used to compare the percentage tree cover in the 100, 500, 1000, and 5000 m radius buffer. Paired t-test statistic was also used to compare the percentage of tree cover in the buffer area (100 m radius) around the detection point and the mean percentage of tree cover in the three buffer areas (100 m radius) sampled at random within the same 5000 m buffer area. One-way ANOVA was used to compare the percentage of tree cover in the buffer area (100 m radius) per feeding guilds. The relationship between the average population density per NUTS 2 and the country population density was tested by paired t-test statistics.
Results
Number of first detection, and distribution in Europe, of non-native forest insects
We retrieved data from 133 non-native insect species, belonging to six feeding guilds. Sap feeders (order Hemiptera) were the most represented guild (40% of the cases), followed by bark beetles and woodborers (29%). Defoliators, gall makers, and seed and fruit feeders represented 14%, 10%, and 7% respectively. Only one species was a root feeder, which was not used for comparisons between feeding guilds due to its low representativeness.
In total 508 first country-specific records were retrieved, from 38 regions (including mainland and separated islands) and 25 countries (Suppl. material 1: Table S1 ). The top 10 non-native species most frequently detected were reported from 12 or more different countries: Belonochilus numenius, Cameraria ohridella, Corythucha ciliata, Cydalima perspectalis, Dasineura gleditchiae, Dryocosmus kuriphilus, Halyomorpha halys, Leptoglossus occidentalis, Metcalfa pruinosa, and Obolodiplosis robiniae. On the other hand, 57 non-native species were reported in just one country. More than 87% of first detections resulted from occasional visual observations, mainly made by scientists, naturalists, or forest technicians. Only a few first reports (11%) mentioned that observations were due to planned survey or trapping. Three cases were interceptions in ports. They were excluded from spatial analysis.
From our data, 137 cases were first records for Europe (mainland and islands). Italy registered the highest number of first records in Europe (36), followed by Spain (19), France (18), and Portugal (10). Eight first detections were made in islands of the Mediterranean Sea (Sicily, Corsica, and Balearics) or the Atlantic Ocean (the Canaries, Madeira, and the Azores). UK and Germany had intermediate values of 8 and 7, respectively. All other cases were distributed among 19 other countries.
The hotspot analysis of first records in Europe revealed an uneven distribution at the European scale. Several hotspot areas with a Getis-Ord Gi* Z-score greater than 3.80 (p-value < 0.01) were identified in continental Europe (Fig. 1) . The largest concentration of hotspot clusters was located in coastal areas of the Mediterranean near large cites of Italy, southern France, Catalonia and Andalucía in Spain, and along the Atlantic coast, e.g. in Lisbon, Vigo in Galicia, Amsterdam, and London. Hotspots of first detection were also found around Switzerland (Zurich, Strasbourg, and Stuttgart) and in Hungary around Budapest. Hotspots also appeared in the islands of Corsica, Sicily, Cyprus, Madeira, the Azores, and the Canaries (Fig. 1) .
Distance to nearest cities
About 64% of first records in Europe occurred in large cities and 89% in cities or their suburban areas. Similarly, 62% of country specific detections were reported in large cities and 88% in cities or their suburban areas (i.e. within 10 km distance from their limit). The probability of first detection decreased sharply with distance from the nearest city or large city (Fig. 2) . When fitting an exponential decline, the rate of decrease was on average (± SE) higher around small cities (−0.08 ± 0.016) compared with large cities (−0.02 ± 0.003). The probability of occurrence within the first two classes distances, i.e. within city (class 0) and up to 10 km distance (class 1), was 92 ± 2% for sap suckers and seed and fruit seeders, 88 ± 4.1% for gall makers, 85 ± 4.1% for defoliators and 82 ± 3.8% for bark & wood borers. However, differences between guilds were not significant (Wald Chi 2 = 7.461, p = 0.113). Body size was not a significant predictor of the distance of first detection either from small city (Wald Chi 2 = 0.128, df = 1, p = 0.720) or large city (Wald Chi 2 = 0.559, df = 1, p = 0.455).
In 69% of the cases the population of the nearest city to the detection point, i.e. located within a 20 km distance, was over 100 000 people, and in 35% of the cases above 500 000 people (Fig. 3) . Average population density was 128 ± 18 people/km² at the country level and 697 ± 172 people/km² in the NUTS2 region with first occurrence (paired t-test mean difference = −570 ± 163, p = 0.002, N = 28). The average population density in NUTS2 region of the detection point was on average 6.2 ± 1.0 times higher than the population density of the respective country (Fig. 4) . Highest invaded NUTS 2 to country ratios (above tenfold) were observed for Hungary (21.6), Austria (19.5), Bosnia and Herzegovina (12.5), UK (11.5), Finland (11.1), Belgium (10.7), and Norway (10.3) (Fig. 4) . 
Type of recipient habitat for non-native species
Urban habitat was the most frequently observed land cover type around first detection points, accounting for 74% of the cases. Urban habitats reported were highly diverse, including schoolyards, university campuses and experimental stations, trees in airport and port areas, railway stations, industrial areas, urban arboreta, botanical gardens, public parks, zoos, and street trees. Arboreta, botanical gardens, gardens, and urban parks were the most often reported cases in cities (60% of the cases with site information). Only 11% of the cases were found in forest habitats. In 4% of the cases these forests were close to cities (i.e. at less than 10 km), while the other 7% were in forests far from cities. Other cases were reported in nurseries (4%) and rural landscapes (11%).
The percentage of first detection in the urban habitat significantly varied with the insect feeding guild (Chi 2 = 19.519; p < 0.001). Sap suckers, gall makers, and seed and fruit seeders were more frequently found in urban habitats, 80%, 78%, and 81%, respectively, than defoliators (69%) and bark & wood borers (58%) (Fig. 5) . Only a few detections were found in nurseries (Fig. 5) .
Insects feeding on broadleaves were more frequently found for the first time in urban habitat (76%) than species feeding on conifers (59%). Still, the difference was not significant (chi 2 = 1.130, p = 0.288). Polyphagous species, feeding on both conifers and broadleaves, were reported in nine cases only, but six of these cases (67%) were also in urban areas.
Temporal trend of detection
Temporal trend shows an exponential increase in the number of first records with decade, with a steep increment since the 1990s (Fig. 6 ). However, overall mean distances to the nearest small city (Wald Chi 2 = 0.291, df = 1, p = 0.589), or large city (Wald Chi 2 = 0.479, df = 1, p = 0.489) did not vary with time ( Fig. 6 ).
Land cover composition of recipient areas
The mean percentage of tree cover at 100 and 500 m around the detection point was 17.1% ± 1.3 and 17.2% ± 1.1, respectively, ranging from 1 to 85%, with no differences between these two buffer sizes (t-test = 0.158, df = 307, p = 0.875). Considering these buffer radii, 55% of the detection points were in sites with only 10% or less of tree cover, and in 73% of the cases in sites with less than 20% of tree cover. However, within a buffer of 1000 m radius around the detection point, the mean proportion of tree cover was significantly higher (31.8% ± 1.9) than at 100 m (t-test = 14.6, df = 307, p < 0.001). Again, at 5000 m radius buffer size, the proportion of tree cover was higher (35.4% ± 1.0) than at 100 m (t-test = 14.5, df = 307, p < 0.001). Within the largest buffer radii, i.e. 1000 m and 5000 m around the detection point, there were no difference among feeding guilds for the percentage of tree cover (F 4,300 = 2.179, p = 0.071, and F 4,300 = 1.928, p = 0.106, respectively for 1 km and 5 km). However, at 100 and 500 m radius, we found differences among feeding guilds for the proportion of tree cover around the detection point (F 4,300 = 3.065, p = 0.017 and F 4,300 = 3.132, p = 0.015, respectively for 100 and 500 m). In both cases, defoliators tend to occur in sites with higher percentage of tree cover (which was 27% and 25%, respectively for 100 and 500) than for other feeding guilds.
A complementary analysis concerning the estimation of the percentage cover of suitable habitats (following five LULC classes: Green Urban Areas, Sports and Leisure Facilities, Orchards, Forests, and Herbaceous vegetation associations) in urban areas of large cities was conducted in 94 cases. The proportion of suitable habitat was on average 9.7% ± 1.1, 9.0% ± 0.6, and 9.0% ± 0.6, for 500 m, 1000 m and 5000 m buffer radius, respectively. There were no significant differences between buffer sizes.
The comparison with surrounding landscape showed that the percentage of tree cover within a 100 m buffer radius around the detection point (focal point) was slightly, but significantly (t-test mean difference = −4.937 ± 1.471, p = 0.001), lower than tree cover in three buffer areas of the same radius randomly sampled within a distance of 5000 m (17% ± 1.3 vs 22% ± 1.2).
Discussion
Using European data on first detection records of non-native insect species feeding on woody plants since 1950, we could confirm the trend for an exponential increase with time. However, the most striking outcome of the survey is that 88% of first detections were made in cities and, for the majority, in large cities (62% in total, 70% of urban records). Moreover, the number of detections decreased dramatically in the first 10 km outside the city (Fig. 2) . Although trees were always present in the urban area around the detection point, the percentage of tree cover was moderate, being less than 20% in general.
Higher amount of non-native forest pests arriving in cities
The proximity of main transport facilities (e.g. airports and ports) and the high density of people make cities under high propagule pressure, i.e. high frequencies of introductions of non-native organisms, plants or animals (Gaertner et al. 2016; Rassati et al. 2016) . As arrivals are expected to occur in ports and airports, trees near these international transport facilities are particularly sensitive. Similar human-assisted introductions of non-native forest pests have been reported in other studies (Yemshanov et al. 2013) , and analogous trends have been found in other continents. For example, the emerald ash borer, native to Asia, was first introduced and became established in North America in the highly urbanized Detroit area (Poland and McCullough 2006) .
Several records specifically documented first occurrences in urban areas near transport facilities and could identify the pathways. For example, the first infestation of A. glabripennis in the Netherlands, in 2010, was found on native host plants, in an industrial area in the city of Almere, and was related to pallets used for transport of industrial machinery (Loomans et al. 2013) . The long horn beetle Callidiellum rufipenne (Coleoptera, Cerambycidae), attacking cypress trees was first reported on a European host species, Juniperus communis, in Italy in an experimental station, next to the harbor of Porto de Ravenna in which large amounts of transported wood accumulated (Cam-padelli and Sama 1988) . The leaf miner, Parectopa robiniella, was first found close to the Milan airport in Italy (Whitebread 1989) .
We may argue that first occurrences occurred mostly in urban areas because more researchers are living in these areas and are, thus, more likely to detect recently introduced forest pests. In some cases, researchers found new records within their own faculty campus (e.g. Del Estal et al. 1998; Garcia et al. 2013) . This pattern could be also explained by the higher visibility of insect pests on single trees, along streets or in urban parks, than on nearby stands of forests. In fact, we found that more than 87% of first detections resulted from occasional observations with no planned survey or trapping methods targeting specific species.
Presence of suitable habitats for non-native forest pests to establish in cities
Arrival does not necessarily imply successful establishment of introduced species. The establishment of a species in a new area further needs suitable habitat and resources, depending on its ecological niche. In fact, it is estimated that only a minor proportion of new arrivals results in successful establishment in a new region (Mack et al. 2000) . This is evident when the frequencies of interceptions are compared with the number of species established (Brockerhoff et al. 2006b (Brockerhoff et al. , 2014 Eschen et al. 2015) . The presence of suitable host trees is an essential prerequisite for new forests pest species to become established in a given area. Reports in urban areas are rather diverse. Examples from the studied reports include schoolyards, public gardens (EPPO 2019); zoological parks, (e.g. Franco et al. 2017) , urban parks, botanical gardens (e.g. Penestragania apicalis in France; Nickel et al. 2013) , arboreta inside university campuses (e.g. Del Estal et al. 1998) , trees along avenues and squares, or trees near airports or seaports (e.g. Campadelli and Sama 1988). However, a striking finding of the present study is that tree cover could be very limited in the exact site where species are found. Detection points were located in areas with little proportion tree cover, on average 17% but in more than 30% of the cases, the proportion of tree cover was less than 5%. Further, for sites located in large cities, the proportion of suitable habitat likely to contain trees (using Urban Atlas habitat categories) represented on average less than 10%. This suggests that a small size of suitable habitat, or even a few street trees, can be enough for forest pest species to establish in urban areas and that they do not need large natural or rural forests. For example, Macrohomotoma gladiata, a tropical Asian psyllid, was first found in Italy on Ficus trees along avenues of Naples (Pedata et al. 2012) . More generally, the large presence of non-native trees planted as ornamentals in cities is likely to allow the establishment of non-native insects associated to these woody plants in the native range. Actually, about half of the exotic insect species of woody plants that have been introduced to Europe are still confined to the original, exotic host tree and have not switched to another host plant (Roques 2010) .
However, we did find some differences in habitat requirements according to feeding guild. Defoliators seemed to be more demanding in terms of the presence of a cer-tain density of tree cover. Bark and wood borers were more frequently detected outside urban areas than other guilds. On the other extreme, gall makers, sap suckers, and seed and fruit feeders were mostly found (more than 90% of the cases) in urban areas. In some cases, these species occurred in circumstances in which only a small number of trees of a specific host was present. For example, the invasive gall wasp Epichrysocharis burwelli, which is known to form galls only on the lemon-scented gum, Corymbia citriodora (Myrtacea), was found in an urban park and the Zoo in Lisbon, where only a few host trees of that particular host species were present (Franco et al. 2016) . Furthermore, within hundreds of kilometers around the central point of detection, there were no plantations of lemon-scented gum, and only isolated or small clusters of trees in urban gardens or arboreta, could be found. Therefore, as seen in E. burwelli, the presence of a small number of host trees may be sufficient for a new insect species to establish itself. This may be particularly true when the microhabitat used by the insect on the host tree is small, as normally occurs for gall makers, sap suckers, and seed and fruit seeder. For these insect species, the entire tree or a few trees may provide sufficient habitat for a population to develop. A number of these species can reproduce parthenogenetically, e.g. hemipteran sap suckers or seed chalcids (Auger-Rozenberg and Roques 2012), or are inbreeders, e.g. seed beetles, which may limit Allee effects arising from mate-finding failure , thus explaining their establishment success on a few isolated urban trees (Brockerhoff and Liebhold 2017) .
Cities may facilitate the establishment of tree pests because of their large diversity of tree genera and species, giving non-native pests a better chance of finding a suitable host tree (Liebhold et al. 2018) . Most cities in North America and Europe have street tree diversity concentrated in few tree genera and species, mostly broadleaves, like Platanus, Acer, Tilia, and Fraxinus, but also a number of non-native woody ornamentals. Still, a large diversity of tree species and shrubs is found in cities when urban parks and gardens are considered (Raupp et al. 2006; Sjöman et al. 2012 ). An architype of such diversity is found in botanical gardens, where a large collection of species is present, which are mostly non-native tree species. In fact, urban gardens and arboreta may accumulate hundreds of tree species in only a few hectares. Examples from the records that we retrieved in this study, are Tapada da Ajuda in Lisbon that harbors more than 300 tree species (Vasconcelos et al. 2013) where T. peregrinus was found for the first time in Portugal (Garcia et al. 2013) , or the Gibraltar Botanic Gardens, with an area of only 6 ha which holds a collection of over 1700 species of plants, largely non-native, where the cycadellid Sophonia orientalis was first found in Europe (Wilson et al. 2011 ). The bark beetle Ambrosiodmus rubricollis (Coleoptera, Curculionidae), was found in Aesculus hippocastanum in a botanical garden of Padova, Italy (Faccoli et al. 2009 ). Interestingly, broadleaves are more abundant and diverse in cities than conifers (Raupp et al. 2006) , which possibly explains the result from our study where the probability of a non-native insect being detected for the first time in a city was higher for insect species feeding on broadleaves than on conifers.
In several cases, species were found near cities, i.e. in suburban areas. These areas are often characterized by heterogeneous landscapes, where gardens, orchards, forest fragments, and many rural habitats are present and tree abundance and diversity is greatly increased. In fact, the proportion of tree cover increased from 17% in urban areas around detection points to 32% and 35% in buffers of 1000 m and 5000 m radius, respectively. Thus, suburban areas could further facilitate the establishment of non-native forest pests. In only 4% of the cases (20 out of 508), non-native species were detected in nurseries. For these particular cases, detections occurred probably before establishment, which would also facilitate eradication attempts.
Cities may also offer better conditions for non-native species establishment due to their more suitable climate, in particular warmer temperatures resulting from the heat island effect (Debbage and Shepherd 2015) . For example, increasing temperature caused by impervious surface was observed to significantly increase insect fecundity and contribute to higher population growth (Dale and Frank 2014) . This would be particularly relevant for cities in temperate regions receiving non-native species that originate from subtropical countries. In addition, urban trees are frequently exposed to environmental stress factors, such as water stress, poor soil conditions and pollution (Sjöman and Nielsen 2010) . In such conditions, trees can be more vulnerable to some non-native insect species, in particular the secondary pests feeding on declining trees. Contrarily, irrigation and fertilization may render urban trees vulnerable to other guilds such as defoliators, sap suckers, and gall makers. An example of better suitability of cities is the distribution of the gall midge Obolodiplosis robiniae affecting Robinia pseudoacacia in Slovakia, for which greater infestations were found within cities than in the countryside (Tóth et al. 2009 ). Observations that invasive species are more prevalent in cities than in rural areas because of environmental stress were also reported for other groups of organisms like plants (Gaertner et al. 2016) 
Where are first detections in Europe occurring?
At a larger spatial scale, hotspot analyses clearly showed a clustered pattern of first detection records in Europe. Most hotspots for the first detection of non-native forest pests were found along the coastal regions of Europe, from the Mediterranean coast of Italy, France, and Spain to the Atlantic coast, from Portugal to the Netherlands (Fig. 1) . They clearly match with the location of major cargo seaports, close to large cities (e.g. Genova, Napoli, Venice, Ravenna, Marseille, Barcelona, Lisbon, Vigo, London, and Amsterdam), where the intense flow of imported goods provides more opportunities for non-native forest insect introduction. The majority of the busiest cargo seaports in Europe (excluding Russia) by total cargo volume (Kiprop 2018) were located in the hotspot clusters or their vicinity (Rotterdam in the Netherlands, Antwerp in Belgium, Marseilles/Fos, La Rochelle, and Le Havre in France, Botas in Turkey, Valencia in Spain, and Trieste and Genova in Italy).
Still, two other hotspots of first detections were identified, one in Central Europe, from southern Germany, to northern Italy, and the other in Eastern Europe. These areas coincide with intense industrial regions and a number of river ports. Their proximity to Middle East and Asia, from where more than 40% of the non-native species from our study originate, may further suggest a pathway of progression from eastern regions. Some particular areas may also reflect a concentration of forest entomologists, but this is difficult to verify.
Conclusions
The economic impact of invasive forest insect pests is huge on both forest and urban environments (Poland and McCullough 2006; Boyd et al. 2013) . Early detection is the main prerequisite for successful eradication. From the present study, we conclude that surveillance and monitoring for invasive forests pests should be focused on trees in urban and suburban areas. More especially, we recommend that surveys give priority to urban parks with high tree diversity, such as botanical gardens, arboreta, and woodlots near airports and seaports. These areas should concentrate the attention of forest protection authorities and be dedicated to structured surveys and trapping networks. Recently, trapping methods using multiple lures have been shown effective for early detection of nonnative forest moths and beetles (Brockerhoff et al. 2013; Rassati et al. 2015; Fan et al. 2019 ) and, thus, should be used more systematically. Another way forward is to promote the use of urban trees as sentinels for monitoring the introduction of non-native forest pests and diseases (Paap et al. 2017) , with the increasing awareness and involvement of citizens, who could use smartphone applications for day-to-day surveillance of urban tree health (Marzano et al. 2015) . Several factors can contribute to urban areas becoming hotspots for the establishment of non-native forest pests. The high population density and vicinity to main international transport facilities (seaports and airports) likely enable the arrival of new species. However, it is the diversity of host tree species, scattered over multiple urban green spaces, and favorable microclimatic conditions (warmer, drier) that can ultimately favor the establishment of non-native insect species in cities. Still, other studies are needed for an accurate assessment of the relative importance of these factors.
